A novel double deletion in cardiac troponin T (cTnT) of two highly conserved amino acids (N100 and E101) was found in a restrictive cardiomyopathic (RCM) pediatric patient. Clinical evaluation revealed the presence of left atrial enlargement and marked left ventricle diastolic dysfunction. The explanted heart examined by electron microscopy revealed myofibrillar disarray and mild fibrosis. Pedigree analysis established that this mutation arose de novo. The patient tested negative for six other sarcomeric genes. The single and double recombinant cTnT mutants were generated and their functional consequences were analyzed in porcine skinned cardiac muscle. In the adult Tn environment (cTnT3 + cardiac troponin I), the single cTnT3-ΔN100 and cTnT3-ΔE101 mutations had opposing effects on the Ca 2+ sensitivity of force development compared to WT, while the double deletion cTnT3-ΔN100/ΔE101 increased the Ca 2+ sensitivity + 0.19 pCa units. In addition, cTnT3-ΔN100/ΔE101 decreased the cooperativity of force development suggesting alterations in intra-filament protein-protein interactions. In the fetal Tn environment, (cTnT1 + slow skeletal troponin I), the single (cTnT1-ΔN110) and double (cTnT1-ΔN110/ΔE111) deletions did not change the Ca 2+ sensitivity compared to control. To recreate the patient's heterozygous genotype we performed a reconstituted ATPase activity assay. Thin filaments containing 50:50% of cTnT3-ΔN100/ΔE101:cTnT3-WT also increased the myofilament Ca 2+ sensitivity compared to WT. Co-sedimentation of thin filament proteins indicated that no significant changes occurred in the binding of Tn containing the RCM cTnT mutation to actin-Tm. This report reveals the protective role of Tn fetal isoforms since they rescue the increased Ca 2+ sensitivity produced by a cTnT-RCM mutation and may account for the lack of lethality during gestation.
A novel double deletion in cardiac troponin T (cTnT) of two highly conserved amino acids (N100 and E101) was found in a restrictive cardiomyopathic (RCM) pediatric patient. Clinical evaluation revealed the presence of left atrial enlargement and marked left ventricle diastolic dysfunction. The explanted heart examined by electron microscopy revealed myofibrillar disarray and mild fibrosis. Pedigree analysis established that this mutation arose de novo. The patient tested negative for six other sarcomeric genes. The single and double recombinant cTnT mutants were generated and their functional consequences were analyzed in porcine skinned cardiac muscle. In the adult Tn environment (cTnT3 + cardiac troponin I), the single cTnT3-ΔN100 and cTnT3-ΔE101 mutations had opposing effects on the Ca 2+ sensitivity of force development compared to WT, while the double deletion cTnT3-ΔN100/ΔE101 increased the Ca 2+ sensitivity + 0.19 pCa units. In addition, cTnT3-ΔN100/ΔE101 decreased the cooperativity of force development suggesting alterations in intra-filament protein-protein interactions. In the fetal Tn environment, (cTnT1 + slow skeletal troponin I), the single (cTnT1-ΔN110) and double (cTnT1-ΔN110/ΔE111) deletions did not change the Ca 2+ sensitivity compared to control. To recreate the patient's heterozygous genotype we performed a reconstituted ATPase activity assay. Thin filaments containing 50:50% of cTnT3-ΔN100/ΔE101:cTnT3-WT also increased the myofilament Ca 2+ sensitivity compared to WT. Co-sedimentation of thin filament proteins indicated that no significant changes occurred in the binding of Tn containing the RCM cTnT mutation to actin-Tm. This report reveals the protective role of Tn fetal isoforms since they rescue the increased Ca 2+ sensitivity produced by a cTnT-RCM mutation and may account for the lack of lethality during gestation.
Depending on structural and functional characteristics, primary cardiomyopathies are classified into the three most common forms of dilated, hypertrophic or restrictive cardiomyopathy (HCM, DCM and RCM). RCM is the rarest of these cardiomyopathies and is characterized by a stiffened ventricular myocardium. This manifestation leads to diastolic dysfunction with decreased ventricular filling and subsequent dilation of the atria (1) . RCM is much less common than either DCM and HCM, only accounting for 3-5% of all pediatric cardiomyopathies, however it carries the poorest prognosis with an average 2-year survival rate of less than 50% after diagnosis and often requires heart transplantation (2) (3) (4) (5) . An interesting feature of cardiomyopathies is the overlap of phenotypes that can exist between them. Both DCM and RCM can have phenotypic overlap with HCM (6) (7) (8) . To date, less than 20 mutations have been reported in the genes of cardiac desmin, α-actin, β-myosin heavy chain, cardiac troponin T (cTnT) and cardiac troponin I (cTnI) to be linked to RCM (9) . In contrast, more than 900 mutations have been associated with HCM (8) (9) (10) (11) . In the light of the catastrophic outcome of RCM, further definition of genotype-phenotype correlations remains an important task (9) .
Mutations in the cardiac troponin complex (cTn) have been found to be a significant cause of genetic based cardiomyopathies (8) . Cardiac Tn has an important role in regulating cardiac contractility. The cTn complex is constituted by three subunits: Troponin C (cTnC) the subunit that confers Ca 2+ sensitivity to striated muscle; cTnI the subunit that prevents myosin interactions with actin; cTnT that participates in the activation of muscle contraction and links the cTnI-cTnC complex to tropomyosin (Tm) in the thin filament (12) . Previously, it was thought that the primary role of cTnT was to anchor cTn to the thin filament. However, it has been established by studying cardiomyopathic mutations that cTnT has multiple roles in muscle contraction such as modulating actomyosin ATPase activity, Ca 2+ sensitivity of contraction and maximal force (8, 13) .
Recently, several studies have uncovered important details on the role of troponin T in development and disease.
In mice, targeted disruption of TNNT2 causes severe defects of myofibrillogenesis that leads to early embryonic demise (14, 15) . In zebrafish, the mutant silent heart (sih) has been shown to be caused by TNNT2 mutations (16) . In both models, disassembly of myofibrils and dysregulation in thin filament expression replicate the hallmarks of sarcomere loss and myocyte disarray caused by human TNNT2 mutations (14, 15) . A previous in vitro study indicated that the deletion of the glutamic acid 96 in cTnT linked to RCM had a large effect on Ca 2+ sensitivity of force development (17) . In addition to these findings, a recent clinical report indicates the presence of an additional mutation, E136K, in the TNNT2 gene that was identified in a patient diagnosed with RCM (7). Cardiac tissue from the explanted heart showed that vacuolation was present, though it lacked the cardiomyocyte disarray normally associated with cTnT-based cardiomyopathies. Functional studies may further strengthen the association of this mutation with RCM.
The cTnT gene can express four different isoforms due to alternative splicing of exons four and five (18) (19) (20) . The variability found between isoform 1 (predominant in fetal hearts) and isoform 3 (predominant in adult hearts) lies in the absence of exon 5 from the N-terminal domain of the adult isoform 3 (18, 19) . The different cTnT isoforms are temporally expressed during cardiac muscle development, and show distinctly altered abilities to modulate Ca 2+ sensitivity of the myofilament (20, 21) . It has been established that TnI switches isoforms during heart development. The slow skeletal troponin I (SSTnI) isoform is the predominant TnI isoform throughout fetal development (22) . In the neonatal heart ssTnI is down-regulated and the cTnI gene is expressed (23) . Upon structural and physiological analysis it was determined that these TnI isoforms confer distinct contractile properties on the myocardium (24, 25) . Studying the physiological effects of the Tn isoforms is important in understanding the development of disease.
Here we report the first de novo double deletion of asparagine and glutamic acid at residues 100 and 101 respectively in the TNNT2 gene in an eleven year old RCM patient. Genetic analysis indicated that the proband was genotype negative for mutations in six additional RCMsusceptibility genes. In addition, pedigree analysis revealed that the mutation arose de novo since it was absent in both parents and two siblings. The clinical manifestation evaluated by a set of different techniques confirmed the presence of atrial enlargement and left ventricular diastolic dysfunction. Histopathological studies of the explanted heart demonstrated myocyte disarray and mild interstitial fibrosis. Functional studies strengthened the association of this deletion with the disease since it resulted in phenotypic outcomes characteristic of other RCM causing mutations. Surprisingly, when the cTnT-RCM mutation was in the fetal Tn environment the by guest on October 5, 2017 http://www.jbc.org/ Downloaded from phenotypic outcome (increase in Ca 2+ sensitivity) was rescued.
The conclusions are: 1) the functional phenotype can be directly correlated with the diastolic dysfunction seen in the patient; 2) we present a full clinical and genetic characterization coupled with functional studies that assist in linking these de novo mutations with their associated disease; 3) the functional phenotype was recapitulated in an assay containing Tn in a 50:50% mutant to WT ratio which demonstrates the autosomal dominant effect of the mutation; and 4) This report reveals the protective role of the Tn fetal isoforms since they rescue the increased Ca 2+ sensitivity produced by this cTnT-RCM deletion mutation and may account for the lack of lethality during gestation.
Experimental Procedures
Patient and clinical evaluation. The index case and her family were recruited at Sainte Justine Hospital into an ongoing research protocol approved by the institution's ethics committee. All participants gave informed consent and were evaluated by family history, physical exam, electrocardiogram and echocardiogram to measure wall thickness as well as systolic and diastolic function. Tissue Doppler imaging was performed as previously described (26) . In addition to routine laboratory tests, the index case underwent stress testing using a modified Bruce protocol as well as right and left heart cardiac catheterization. Magnetic resonance imaging was performed on a 1.5 T system (Symphony, Siemens, Dorval, Canada) to yield optimal visualization of wall thicknesses in 4-chamber, short axis and long axis views. For control purposes, we used an inhouse biobank of ethnically matched individuals.
Histological Evaluation.
Heart tissue retrieved at catheterization and heart transplantation was used for pathological studies. Briefly, representative fresh heart tissue was formalin-fixed, paraffin-embedded, and stained with hematoxylin phloxine saffron. Moreover, representative adjacent fresh heart tissue was fixed in 3% glutaraldehyde, postfixed in 4% osmium tetroxide, and embedded in epoxy resin using standard procedures. Thick sections were cut and stained with p-phenylene diamine from four embedded tissue blocks suitable for ultra structural examination. Thin sections were stained with uranyl acetate followed by lead citrate and examined with a Philips EM208 electron microscope. Magnifications for light microscopy were 400x, for electron microscopy 1800x.
DNA / RNA extraction and sequencing. Genomic DNA was extracted from peripheral blood samples as well as left and right ventricular tissue obtained upon transplantation using a PUREGENE DNA purification kit (Gentra Systems, Qiagen, Missisauga, ON, Canada) according to the manufacturer's instructions. Total RNA from left and right ventricular tissue was extracted using Trizol according to standard protocols. cDNA was synthesized from 2 µg of total RNA using oligo-dT primers and Omniscript reverse-transcription Kit (Qiagen, Missisauga, ON, Canada). The entire Open Reading Frames (ORF) of TNNI3, TNNT2, TPM1 and ACTC were amplified from left ventricular cDNA (primer sequences available upon request). Sequence changes identified in those ORF sequences were further verified by bidirectional sequencing of genomic DNA obtained from both ventricular tissues and lymphocytes. In addition, all coding exons and adjacent splice sites of MYH7, MYBPC3 and TNNC1 were bidirectionally sequenced from genomic DNA. As a control, sequence variants were then tested in the family as well as 100 unaffected healthy control DNAs.
Cardiac Skinned Fiber Studies.
Fiber preparation: Porcine papillary muscle was collected and prepared according to methods previously outlined (17, 27) . Strips of left ventricle papillary muscle were extracted and incubated overnight in a pCa 8.0 solution containing 50% glycerol and 1% triton X-100 at -20°C; thereafter they were transferred to a similar replacement solution without Triton X-100 and stored up to 2 weeks at -20°C. HcTnT preparation for fiber studies: Adult human cardiac wild type troponin T (HcTnT3-WT) and fetal human cardiac wild type troponin T (HcTnT1-WT) were previously cloned in our laboratory (21) , and used as a template for overlapping PCR with primers designed to delete those amino acids affected in the RCM troponin T by guest on October 5, 2017 http://www.jbc.org/ Downloaded from mutant proteins (HcTnT3-ΔN100, HcTnT3-ΔE101, HcTnT3-ΔN100/ΔE101, HcTnT1-ΔN110, HcTnT1-ΔE111 and HcTnT1-ΔN110/ΔE111). Recombinant human cardiac troponin T, cardiac troponin I (cTnI), slow skeletal troponin I (ssTnI) and troponin C proteins were prepared as previously reported (17) . Tn-displaced skinned cardiac fibers: To determine the effects of the HcTnT RCM mutants on the various Ca 2+ dependent parameters of muscle contraction, the endogenous porcine cTn was displaced with the HcTnT to be studied. Previously, it was shown that human papillary fibers exchanged with human cTn developed similar changes in Ca 2+ sensitivity as porcine papillary fibers exchanged with human cTn (28, 29) . Therefore, porcine fibers serve as a suitable model to study human disease. Once the fiber was mounted and tested for calcium responsiveness, the fibers were relaxed and submerged into HcTnT solution (3 x 1hr incubation at room temperature with fresh HcTnT). Before incubating the fiber with HcTnT, the protein was diluted by ~ 40% using the same buffer as described above without KCl, thus reducing the protein and salt concentration. This procedure results in the loss of Ca 2+ -activated force and the fibers begin to demonstrate unregulated force irrespective of the [Ca 2+ ]. In order to restore Ca 2+ -regulated force development after TnT incubation, fibers were incubated with a preformed cTnI.cTnC or ssTnI.cTnC binary complex (30 μM, in relaxing solution) for ~ 1h. Upon reconstitution with the binary complex, the fibers underwent gradual relaxation. Once fully relaxed, the calcium regulated force was restored (for further details see (17) ] which produces 50% force and "n" is the Hill coefficient.
Actomyosin-Tm-Tn ATPase activity
The Actomyosin-Tm-Tn ATPase activity assays were performed and plotted as a function of pCa according to Pinto et al. (31) . Briefly, porcine cardiac myosin, rabbit skeletal F-actin, and porcine cardiac Tm were prepared as previously described (21) . The individual troponin subunits were cloned, expressed and purified according to Gomes et al. (21) and Pinto et al. (17) . The troponin subunits were first dialyzed against 3 M urea, 1 M KCl, 10 mM MOPS, 1 mM DTT, 0.1 mM phenylmethanesulfonyl fluoride and then twice against the same buffer excluding urea. The protein concentration of the individual subunits was determined using the Coomassie Plus kit (Pierce), and then the subunits were combined in a 1.5:1.3:1 TnT:TnI:TnC molar ratio. After 1 h, the complexes were successively dialyzed against decreasing concentrations of KCl (0.7, 0.5, 0.3, 0.1, 0.05, and 0.025 M). The excess precipitated TnT and TnI that formed during complex formation was removed by centrifugation. Proper stoichiometry was verified by SDS-PAGE before storage of troponin complexes at -80 °C. The ATPase reaction was initiated with the addition of ATP and quenched after 20 min using trichloroacetic acid to a final concentration of 35%.
The precipitated assay proteins were removed by centrifugation, and the inorganic phosphate concentration in the supernatant released by ATP hydrolysis was determined. pCa curves were performed in the following 1x conditions (15 mM MOPS, 2 mM EGTA, 1 mM NTA, 1 mM free Mg 2+ , 2.5 mM MgATP 2-, μ = 75 mM (pH 7.0 at 25 °C)) changed slightly in varied pCa solutions: pCa 7.0 (0.457 mM CaCl 2 ), pCa 6.5 (30) .
Co-sedimentation
Thin filament proteins were combined at the following concentrations: F-actin at 20 μM and Tn/Tm at 2.86 μM to obtain a 7:1:1 molar ratio. The proteins were co-sedimented using an airdriven ultracentrifuge (Beckman Airfuge; rotor A100) for 30 min at 28 p.s.i. (~120,000 x g). The buffer conditions were either pCa 8.0 or pCa 4.5 as described above.
Statistical Analysis.
Ca 2+ sensitivity of force development curves were normalized and reported as a percentage of maximal Ca 2+ -activated force in pCa 4.0. The maximal force recovery was normalized to the initial maximal force of the fiber.
The experimental results were analyzed for significance using the unpaired Student`s t test at p < 0.05.
RESULTS

Clinical characteristics of the index case and her family.
The index case was a young girl who first presented at the age of 11 with chest pain and dyspnea upon exertion. She had normal growth parameters and vital signs with a regular heart of 92 beats per minute and a blood pressure of 106 / 52 mmHg.
Physical examination was unremarkable with a normal S1 and S2, no S3, no S4, and no heart murmur. Peripheral pulses and her abdomen were normal.
An electrocardiogram (ECG) revealed sinus rhythm, left atrial (LA) enlargement, biventricular hypertrophy and diffuse T-wave changes (data not shown). The echocardiogram showed that the heart was structurally normal but with massive LA enlargement. Wall thicknesses measured by M-mode were in the normal range. Left ventricular dimensions and systolic function were also normal, however the midseptum was mildly hypertrophic (maximal thickness = 15mm), though demonstrated no regional wall motion abnormalities or LV outflow tract obstruction. Marked left ventricular (LV) diastolic dysfunction was evidenced by an abnormal left ventricular inflow pattern with decreased atrial filling velocity (0.25 m/s, normal > 0.5 m/s), a decreased e-wave deceleration time (106 ms, normal > 150 ms), an abnormal e/a wave ratio of 2.32 ( normal < 2), and a decreased isovolumic relaxation time (25 ms, normal > 70 ms) ( Figure 1A) . Furthermore, we observed reversal of the pulmonary venous a Doppler wave, indicative of elevated end-diastolic pressures in the left ventricle ( Figure 1B) . We also measured the early diastolic mitral annulus velocity e' by tissue Doppler, which reflects the velocity of the mitral annulus in the longitudinal direction. With an e' value of 4.14 cm/s, we found this velocity to be significantly lower than normal (normal, 13.8 -15.2 cm/s) (26) . With a mitral E wave velocity of 57 cm/s, this yields a severely depressed septal E/e' ratio of 13.83 (normal, 6.3 -7.0) (26) (Figure 2, Supplemental Figure 1 ). Taken together, these findings were consistent with a restrictive LV filling pattern and elevated leftventricular end-diastolic pressure (32) . Magnetic resonance imaging demonstrated a structurally normal heart with LA enlargement, normal ventricular size and with no evidence of pericardial abnormality. Focal thickening of the myocardium was seen at several levels, in particular at the midventricular and apical inferior segments, with a maximal thickness measured at 17 mm (Figure 3 ). No such thickening was observed in the anteroseptal, antero-lateral and infero-lateral segments or in the right ventricle. Late enhancement was not seen. A modified Bruce exercise test induced marked ST-segment depression and chest pain, indicative of ischemia (data not shown). The test was stopped at the beginning of step 3 at a heart rate of 166 beats per minute, corresponding to a decreased exercise capacity of 8.3 metabolic equivalents at 79% of the predicted maximal heart rate. Repeated Holter EKG recordings did not show any evidence of ventricular arrhythmia (data not shown).
Etiologic investigations revealed a normal karyotype, normal plasma amino acids and urine organic acids. Results of the major laboratory tests were within normal range except for a markedly by guest on October 5, 2017 http://www.jbc.org/ Downloaded from elevated plasma level of pro-BNP at 3000 ng/l (upper limit of normal, 115) (33) . Cardiac catheterization indicated a normal cardiac index, normal systemic and pulmonary vascular resistances. We observed a rapid decline in left ventricular pressure at the onset of diastole, with a rapid rise to plateau in early diastole, reminiscent of the square root sign; the systolic right ventricular pressure was elevated with marked elevation of right ventricular diastolic pressures ( Figure 4A and Table 1 ). The tracing of a pediatric patient without significant heart disease is shown in Figure 4B . We interpreted this pattern as indicative of a severely decreased compliance of the left ventricle and subsequent increase of right ventricular pressures. Left ventricular angiography showed the typical 'ballerina foot' configuration seen in septal hypertrophy (data not shown). Endomyocardial biopsy revealed moderate myocyte hypertrophy with mild interstitial fibrosis but no evidence of inflammatory infiltrate, glycogen deposits, fibroelastosis, amyloidosis or hemochromatosis. In light of these results, the patient was diagnosed with RCM with mid-and infero septal hypertrophy.
During the following year, she was treated with Metoprolol (2mg/kg/day) and aspirin (80mg tid). Her clinical condition deteriorated rapidly with frequent chest pain and increasing dyspnea (NYHA functional class III).
The patient ultimately underwent cardiac transplantation 15 months after her initial presentation. Gross anatomic examination of the explanted heart revealed mild hypertrophy which was marked only at the septal level, consistent with pretransplantation imaging. Histology revealed mild hypertrophy, mild interstitial fibrosis and varying degrees of disarray of the myocytes ( Figure 5A ). Transmission electron microscopy showed misalignment of Z-bands and unequal Z-Z band distances ('streaming') ( Figure 5B ). In the normal human cardiomyocyte, Z-bands are well aligned and have equal Z-Z band distances (34) . Following cardiac transplantation, the patient performed well with normal growth and development. Endomyocardial biopsy revealed no evidence of rejection.
There was no family history of cardiac or neuro-muscular disease. Clinical investigations including ECG and echocardiogram in both of her parents and two brothers were normal.
Genetic investigations
A heterozygous in frame deletion in exon 9 of TNNT2 (c.297-302 AATGAGdeletion) was found in the index case, which resulted in the deletion of asparagine and glutamic acid at amino acid positions 100 and 101 respectively (p.Asn100_Glu101del) (Figure 6 ). This mutation was confirmed in her genomic DNA from both ventricular tissue and lymphocytes. Its absence in both parents and her two brothers confirmed the de novo occurrence of this genetic alteration. This deletion mutation was not present in 192 analyzed healthy controls and has not yet been reported. Sequence and structural analysis shows that this mutation is located in a highly conserved position across many species. Three reported TNNT2 mutations associated with RCM (E136K, I79N and ΔE96) and most of the HCM causing mutations in TNNT2 are located in this region ( Figure 6 ). No mutations involving the genomic sequence of TNNI3, ACTC, MYH7, TPM1, MYBPC3 and TNNC1 were detected in the index case except for the known polymorphisms given in Table 2 .
Functional Characterization
To ensure that the mutation found in the index case is causative of the disease, we performed functional experiments at the cellular level. We used a well established methodology, porcine skinned cardiac fibers exchanged with exogenous Tn to evaluate possible changes in the Ca 2+ sensitivity of force development as well as maximal force.
The RCM mutations were introduced into two different isoforms of cTnT. cTnT isoform 3 found in adult hearts has asparagine and glutamic acid deletions at positions 100 and 101 and in the fetal cTnT isoform 1 the deletions would occur at positions 110 and 111. The altered sequence of these two isoforms is due to exon 5 (which contains 10 amino acids) that are present in isoform 1 although not in isoform 3. As shown in Figure 7 and Table 3 , skinned fibers displaced with the single mutant HCTnT3-ΔN100 and reconstituted with cTnI.cTnC complex displayed a significant increase in the Ca 2+ sensitivity of force development (pCa 50 ) along with a significant decrease in thin filament by guest on October 5, 2017 http://www.jbc.org/ Downloaded from cooperativity (n Hill ) (pCa 50 = 5.96 ± 0.03; n Hill = 1.84 ± 0.08) compared to HCTnT3-WT (pCa 50 = 5.67 ± 0.01; n Hill = 2.83 ± 0.12). However, skinned fibers displaced by the single mutant HCTnT3-ΔE101 and reconstituted with cTnI.cTnC showed a significant decrease in the Ca 2+ sensitivity of force development and no changes in the Hill coefficient (pCa 50 = 5.39 ± 0.01; n Hill = 3.14 ± 0.32) compared to fibers displaced with HCTnT3-WT. The two single mutant proteins when incorporated into the fiber shifted the Ca 2+ sensitivity of force development to the same extent though in opposite directions (see ΔpCa 50 in Table 3) . Surprisingly, fibers incorporated with the double RCM mutant (HCTnT3-ΔN100/ΔE101) and cTnI.cTnC significantly increased the Ca 2+ sensitivity of force development and decreased the cooperativity of the thin filament activation, pCa 50 = 5.86 ± 0.02 and n Hill = 1.94 ± 0.09, respectively, compared to its WT ( Figure 7 and Table 3 ). Furthermore, the maximal force recovery was also evaluated after incorporation of exogenous TnT and reconstitution with TnI.TnC (see methods). Fibers containing the single mutant HcTnT3-ΔN100 or the RCM double mutant HcTnT3-ΔN100/ΔE101 and reconstituted with the cTnI.cTnC complex did not display changes in the recovery of maximal force compared to their control (Table 3) . However, fibers incorporated with the single mutant HcTnT3-ΔE101 and reconstituted with cTnI.cTnC complex drastically reduced the maximal force recovery (28.40 ± 1.98%) compared to WT (50.81 ± 3.36%) ( Table 3) . When the skinned fibers were reconstituted with the fetal troponin isoforms (HcTnT1 and ssTnI) ; the RCM double mutant (HcTnT1-ΔN110/ΔE111) and the single mutant (HcTnT1-ΔN110) did not significantly change the Ca 2+ sensitivity of force development compared to HcTnT1-WT ( Figure 7 and Table 3 ). Therefore, the single mutant HcTnT1-ΔE111 decreased the Ca 2+ sensitivity of force development compared to WT ( Figure 7 and Table 3 ). The Hill coefficient was not significantly different between the mutants when compared to the WT control ( Table 3 ). The maximal force recovery was increased in fibers displaced with the single mutant HcTnT1-ΔN110 and the double RCM mutant HcTnT1-ΔN110/ΔE111 when reconstituted with ssTnI.cTnC compared to the WT (Table 3) . To ensure that the exogenous recombinant TnT was fully incorporated into the thin filament, we measured the Ca 2+ unregulated force after TnT incubation/treatment. The amount of exogenous TnT that displaced the whole native Tn complex was measured by the degree that the fiber becomes Ca 2+ unregulated, i.e., generates force in the absence of Ca 2+ . This occurs since TnI is no longer present to inhibit myosin and actin interactions. The % of Ca 2+ unregulated force, as measured by the ratio FpCa 8 /FpCa 4 X 100 after TnT treatment can be directly correlated with the displacement of native Tn according to (17) . All the HcTnT3 proteins (adult isoform) that were studied displaced more than 90% of the native Tn complex ( Table 3 ) which demonstrates that they associate normally with the other thin filament proteins. Yet, the HcTnT1-ΔN110/Δ111 and the HcTnT1-Δ110 had a significantly reduced ability to displace the native Tn complex compared to the HcTnT1-WT (Table 3) . Figure 8 shows the activation of the myosin ATPase at increasing concentrations of Ca 2+ (pCa). It was found that cTn complexes containing 100% of the RCM mutant HcTnT3-ΔN100/ΔE101 significantly increased the Ca 2+ sensitivity of the reconstituted filament by + 0.12 pCa units compared to 100% HcTnT3-WT. To mimic the expected mutant/WT ratios found in the heterozygous patient, filaments were reconstituted with 50% HcTnT3-WT/ 50% HcTnT3-ΔN100/ΔE101 and also significantly increased the Ca 2+ sensitivity (+ 0.10 pCa units) compared to 100% HcTnT3-WT.
The cooperativity was unaltered in these in vitro experiments. The pCa 50 and n Hill values are displayed in the figure legend.
We performed an actin:Tm:Tn cosedimentation assay at saturating stoichiometric ratio (7 actins, 1 Tm and 1 Tn) to investigate whether the TnT RCM mutation interfered with the ability of the Tn complex to bind to the thin filament. Figure 9 shows no discernable alterations in the ability of the Tn complex containing the RCM mutant to bind to actin:Tm compared to the WT Tn complex. In addition, no changes were observed in the protein content of the pellet and supernatant of thin filaments containing WT or mutant HcTnT either in the This data corroborates the skinned fiber data that indicated that the various HcTnTs were able to effectively displace the native Tn complex.
DISCUSSION
Over the past two decades, molecular genetics analyses have revealed the key role of mutations in sarcomeric protein genes in diseases such as DCM and HCM. Differential effects of mutations on sarcomeric properties such as myofilament sliding, Ca 2+ sensitivity or ATPase activity have emerged as a mechanism underlying those phenotypes (8, 9) . Recent studies have shown that RCM is part of the spectrum of sarcomeric gene mutations, including pediatric RCM (7, (35) (36) (37) (38) (39) (40) . In the largest series of pediatric RCM reported to date, mutation screening of eight sarcomeric genes and desmin, suggested a predominant role of mutations in TNNI3, TNNT2 and ACTC in disease pathogenesis (7) . Here, we identify a de novo deletion in TNNT2 (p.Asn100_Glu101del in exon 9) in an RCM patient and provide a detailed clinical, biochemical and genetic analysis which validate this TNNT2 mutation as the causative allele. In addition, we present a set of functional data that supports the protective role of fetal troponin isoforms in the developing heart (41) .
Interestingly, the morphological findings in this patient indicate the heart was not uniformly affected despite the germline character of the mutation.
The right ventricle was not hypertrophied, and myocyte fiber disarray was more pronounced in biopsied tissue from areas with focal hypertrophy, such as evidenced by echocardiography and magnetic resonance imaging (Figure 3 and 5) . Interestingly, these observations suggest that a certain overlap of the restrictive and hypertrophic phenotypes may have coexisted in this patient. Clearly, imaging studies obtained at the onset of symptoms did not show a degree of hypertrophy proportional to the symptoms manifested by the patient.
However, mild localized hypertrophy at the septal level and absence of obstruction of the left ventricular outflow tract was consistent with an overlapping phenotype of HCM in this patient with predominant features of RCM. Also, the mild hypertrophy and prominent fiber disarray is in line with the histopathological data reported in a previous study of TnT mutations (42) . Despite the considerable degree of structural and functional anomalies, we did not observe any arrhythmia in our patient. This does not rule out that such a predisposition may have existed, but that the patient was transplanted before such an occurrence. Also, we have learned that changes in the myofilament Ca 2+ sensitivity can induce changes in the intracellular Ca 2+ cycling as well as develop arrhythmias in mice (43, 44) . The amelioration of altered intracellular Ca 2+ levels would provide a good therapeutic target to strategically correct cardiomyopathic disease (45) . In addition, Peña et al. have shown that increasing the Serca2a gene expression in a tropomyosin HCM animal model improves heart function and postpones the onset of the disease (46) .
Functional studies with deletions of each single residue and also with the RCM double deletion were performed. The Ca 2+ sensitivity measured in reconstituted skinned cardiac fibers using the adult troponin background (HcTnT3 and cTnI) proved very interesting since the effects of the single cTnT deletions (N100 and E101) were opposing with ΔN100 displaying a dominant phenotype. The single deletion E101 decreased the Ca 2+ sensitivity and maximal force, whereas the single deletion N100 increased the Ca 2+ sensitivity which is a hallmark for cTn mutations linked to RCM (8) . Interestingly, the combination of the two deletions followed the trend of the functional phenotype manifested by the single deletion of N100. In fact, the deletion of E101 partially rescues a potentially more severe phenotype contributed by ΔN100. The evaluation of the Ca 2+ sensitivity of force development in fibers displaced and reconstituted with fetal troponin isoforms revealed their protective role in maintenance of normal physiological parameters. The double RCM mutant displayed the same Ca 2+ sensitivity and degree of cooperativity during activation of the thin filament as its control. These findings are in accordance with the known effects of ssTnI which assists with maintainence of normal cardiac function during extreme conditions such as acidosis (41, 47, 48) . The effect of the TnT isoforms on the regulation of cardiac muscle has also been studied (20, 21) . However, presently in the literature there is no consensus that TnT isoforms provide a cardioprotective effect. Therefore, we can only speculate that in our system ssTnI may be solely responsible for protecting the heart against deleterious effects of the RCM mutation. The maximal force recovery was increased in fibers displaced with the fetal HcTnT-RCM double mutant and reconstituted with ssTnI in comparison to WT. Previously, we have shown this same functional phenotypic change in a cTnI RCM mouse model (49) .
Furthermore, biochemical studies revealed that incorporation of 50% of the mutant protein into the thin filaments is sufficient to recapitulate the functional phenotype seen in the presence of 100% of the mutant protein. These data support the findings that RCM is an autosomal dominant disease. Additionally, the cTnT-RCM double deletion ΔN100/ΔE101 shows changes in the cooperativity of thin filament activation in skinned fibers (see Hill coefficient data in Table 3 ) similar to what was previously seen with the other cTnT-RCM mutation (17) . These changes could help to explain the timing of onset and severity of the disease once they were identified in a pediatric patient; in fact, fetal TnI isoform expression may have afforded protection against the deleterious effects of the cTnT-RCM double deletion ΔN100/ΔE101 during early childhood (22) . However, this concept will be further refined by additional studies that explore the contribution of mutations toward the development of RCM.
Since the first publication of a cardiomyopathy associated mutation in TNNT2, over 30 distinct mutations in TNNT2 have been identified in patients with HCM and several TNNT2 mutations have also been described in DCM patients (8) . Recently, a mutation in TNNT2 (p.96delE) was reported in an infant with RCM (39) . Functional analysis of this mutation revealed a large increase in Ca 2+ sensitivity, an impaired ability to inhibit ATPase activity and to undergo relaxation in skinned fibers. This is consistent with the functional anomalies in muscle relaxation associated with RCM (17, (49) (50) (51) (52) (53) . Patients with RCM present severe diastolic dysfunction, and mutations associated with RCM generally cause drastically increased Ca 2+ sensitivity of force development in cTnT substituted skinned fibers (54) . Contraction of cardiac muscles is regulated by Ca 2+ through its binding to the ternary complex of cardiac Tn T, I and C. Cardiac TnT links cTnI to the thin filament due to simultaneous binding to both cTnI and Tm. This allows the inhibition of cardiomyocyte contraction by cTnI only at low [Ca 2+ ]i and enables the ternary troponin complex to exert its Ca 2+ -dependent regulation on the thin filament (55, 56) . Studies of cTnT fragments have identified a critical tropomyosin-binding region corresponding to residues 70-170 in the N-terminal domain. Mutations within this region may impair tropomyosin-dependent functions of cTnT and most likely affect the cooperativity of the thin filament (57) .
Subsequently, three reported TNNT2 mutations associated with RCM (I79N, ΔE96 and E136K) occur within this region. These findings may indicate the presence of a mutational hotspot region as three previous mutations associated with RCM occur in this portion of TNNT2.
Although the two residues appear conserved across species ( Figure 6B) ; the results suggest a predominant functional effect of N100 over E101. Additionally, the N100 deletion may impact the overall cTnT structure or interactions between cTnT and Tm more drastically than that of the E101 deletion.
Co-sedimentation analysis using 7 actins: 1Tm: 1Tn ratio was performed to determine whether the RCM cTnT mutant had altered the affinity of cTn for the components of the thin filament. The results suggest that the RCM cTnT mutation either does not interfere with the association between cTn and the thin filament or that this method may not be sensitive enough to detect small affinity changes. Further biochemical studies may help to elucidate whether any modifications of the thin filament occur in the presence of RCM cTnT mutation.
A functional phenotype for cTn mutations linked to RCM is emerging and it is possible that the molecular mechanism that governs the manifestation of this disease arises from increased myofilament Ca 2+ sensitivity along with an impaired ability to relax (52, 53, (58) (59) (60) . In a more physiological scenario we speculate that increased affinity of the myofilament for Ca 2+ would slow the rate of Ca 2+ dissociation from TnC and consequently delay the Ca 2+ and force transients which consequently could result in diastolic dysfunction (49, 51) . In addition, clinical, genetic and functional data placed together provide a valuable tool to strengthen our knowledge of the causes of cardiomyopathic disease (27) . Additionally, the data suggest that this RCM mutation did not cause lethality during gestation since no aberrant changes in the Ca 2+ sensitivity of force development and cooperativity of thin filament activation were observed in the fetal environment where fetal troponin isoforms are present. Tissue Doppler sampling at the septal position in an apical 4 chamber view, note severely altered E/e' ratio. The mitral E-wave velocity is 57 cm/s (Figure 1) , and the early mitral annulus e' velocity is 4.34 cm/s, giving a severely altered E/e' ratio of 13.8. The experiments were performed using 0.6 μM cardiac myosin, 3.5 μM skeletal actin, 1.0 μM cardiac Tm and 1.0 μM cardiac Tn. The buffer conditions were described under "Materials and Methods". A) The graph shows relative values (%) of ATPase activity as a function of pCa. The basal ATPase activity at pCa 7.0 was considered 0% and the intermediate points were normalized to the maximal ATPase activity at pCa 4.5 which was considered 100%. B) The graph shows the pCa 50 from each condition. The filaments containing the 100% WT Tn complex showed pCa 50 = 5.57 ± 0.03 and n Hill = 3.13 ± 0.36. The filaments containing 100% ΔN100/ΔE101 Tn complex yielded pCa 50 = 5.69 ± 0.02 and n Hill = 2.55 ± 0.17; whereas filaments containing 50% WT and 50% ΔN100/ΔE101 Tn complex yielded pCa 50 = 5.67 ± 0.02 and n Hill = 2.85 ± 0.35. Each curve represents an average of 6 to 8 experiments and error is reported as mean ± S.E.
FOOTNOTES
Figure 9:
Co-sedimentation of actin, tropomyosin and troponin complex containing either WT or mutant TnT. The experimental conditions were outlined in the "Materials and Methods" section. Samples were separated by 15% SDS-PAGE. Abbreviations are: S, supernatant; P, pellet; TnT, troponin T; Tm, tropomyosin; TnI, troponin I; TnC, troponin C. A) lanes 1 and 5 -WT troponin complex supernatant (pellet not shown); lanes 2 and 6 -ΔN100/ΔE101troponin complex supernatant (pellet not shown); lanes 3 and 7 -actin-tropomyosin supernatant; lanes 4 and 8 -actin-tropomyosin pellet. B) lanes 1 and 5 -actintropomyosin-WT troponin supernatant; lanes 2 and 6 -actin-tropomyosin-WT troponin pellet; lanes 3 and 
